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Rate and Lag of KNOs-Induced Germination of Spores of the
Food-Poisoning Anaerobe Clostridium perfringens Type A,
NCTC 8238

HILLEL 8. LEVINSON axp FLORENCE E. FEEHERRY

Science and Advanced Technology Laboratory, U.S. Army Natick Research and Development Laborafories,
‘atick, Massachusetts 01760 )

Temperature, pH, KNG, concentration, sodium phosphate buffer concentration
and spore concentration affected the germination rate and germination lag of
heat-activated spores of Clostridium perfringens type A, NCTC 8238. Optimal
conditions for germinationrate were pH 6.1 to 6.3, 32.5 to 35°C, 0.325 mg of spores
per ml, 100 mM KNO;, and 2 to 5§ mM sodium phosphate. Both lag and rate of
KNOj-induced germination were the same under anaerobic or aerobic conditions.

The increasing recognition of the significance
of the anaerobic sporeformer Clostridium per-
fringenstype A and of its sporulation-associated
enterotoxin (6) in food-poisoning outhreaks, par-
ticularly in institutional settings (4), has done
much to stimulate research on the physiology of
the-spores of this organism.

Spores of certain food-poisoning strains of C.
perfringens (1, 2), as well as of Bactllus mega-
terium QM B1551 (10, 14), are able to germinate
in inorganic solutions, without organic adju-
vants, K* being much more effective than Na*
in supporting ionic germination (2, 10). In this
paper, which constitutes part of our continuing
program {11} to establish a data base on the
activation, germination, and outgrowth of C
perfringens spores, comparable to that on Ba-
cillus, we report on our investigations of optimal
condittons for the KINOy-induced germination of
C. perfringens spores.

RESULTS AND DISCUSSION

In the following series of experiments, special
attention was paid to a comparison of germina-
tion rate and germination lag under various con-
ditions, these parameters of germination being
determined as in Fig. 1.

pPH. Germination rate increased from near
undetectable at pH 5.4 to a peak of ca. 1.25 +
0.2% optical density (OD) loss per min at pH 6.1
to 6.3, and then declined at higher pH (Fig. 2).
Germination lag was ca. 13 min under standard
conditions (pH 6.1), 27 min at pH 5.4, and $:.0
min at pH 6.5 to 7.5 (Fig. 2). '

The extent of early germination, i.e., within
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the first 30 min (data not shown), was dependent
on both rate and lag and had a pH optimum at
ca. pH 6.2. However, spores continued germi-
nating slowly and spore suspensions continued
decreasing in OD, even under less than optimal
conditions. Even spore suspensions with slow or
delayed germination {at pH 5.7, for example)
eventuaily attained an extent of germination
equal to that achieved under the best conditions,
This resulted in a broadening of the apparent
optimal pH range, so that by 5 h, germination at
pH levels from 5.7 to 6.3 had attained equivalent
values, i.e., near 50% loss in OD. This pH range
{5.7 to 6.3} is approximately that of meat and
poultry, important vehicles (3-5) of C. perfrin-
gens food poisoning.

Temperature. Spores were incubaied at var-
ious temperatures in the standard KNO; germi-
nation mixture {Fig. 1 legend) and, in some cases,

. were shifted after 1 h to a secondary incubation

at 30°C (Table 1}). The rate and extent (KNQ,-
induced percent OD loss at 2 h) of germination
appeared to be optimal at 32.5 to 35°C. Germi-
nation lag showed no clearly defined tempera-
ture optimum. Rather, with increasing temper-
ature, there was a progressive decrease in the
lag from >45 min at 15°C to <2 min at 45°C
(Table 1). At the temperature where germina-
tion rate was maximal, the lag was ca. 8 to 10
min. The energy of activation {u) for germina-
tion, calculated from an Arrhenius plot of recip-
rocal lags between 20 and 35°C was ca. 17.5 keal
{7.3x 16° J}, a value close to that for germination
of B. megaterium spores in KNO; (10) or in
glucose {13) and of a magnitude consistent with
an enzymatic basis for KNO;-induced germina-
tion of O, perfringens spores.
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Fira. 1. KNOGs-induced germination of heat-acti-
vated {65°C, 10 min} spores of C. perfringens NCTC
8238 under standard conditions. C. perfringens type
A, NCTC 8238, used throughout these investigations,
was isolated by Hobbs et al. {7) from salt beef and is

classified as serotype 2 (§). Spore. production, heat

activation, glassiware preparation, and chemicals
were as previously described (11). Standard condi-
tions for germination were 5 mM KNO;, 10 mM
sodium phosphate buffer, pH 6.1, 0.325 mg of spores
per ml (OD, co. 1.0;:1.1 % 16F spores per ml), and
30°C. No attempt was made to maintain angerobio-
sis. Sodium phosphate was used because spores ger-
minated readily in potassiium phosphate buffer. QD

(560 nm; disposable 13 by 100 mm Pyrex glass tubes;
Bausch'& Lomb Spectronic 21 colorimeter} was fol- -

lowed durmg inéubation (11, 12); Each experiment
examining a variable (pH, temperatire, and spore,
KNG, and buffer concentrations) was accompanied
by two controls: oné in the appropriate sodium phos-
phate buffer (without KNO;) end the other under
standard conditions. KNOy-induced OD loss was cor-

rected by subtracting OD loss in the buffer control,

0D loss in buffer controls (10 mM sodivum phosphate,
pH 6.1 to 6.3; no KNO,J, at various temperatures, s
shoum in Table 1. The slope (m) of the least-squares
regression line between points 1 and 2 (the rectilinear
portion of the plot) represents germination rate (GR)
and is expressed as percent OD lost per minute. The
intercept of the regression line with the x-axis (no OD
loss} represents germination log (GL); which can be
calculated from the regression line equation as
—~hb/m, where br is the y-intercept of the regression
line.

The rate of OD loss (germination rate) was
slightly higher at 40°C than at 23.5°C {Table 1).

After 30 to 40 min of incubation, however, the
rate at 40°C had bégun to decrease, although™

the rate-at 23.5 or 30°C was still maximal. As a

result, the:extent of germination at 2 h was
substantially lower at 40°C than at 23.5°C. At

15°C, the rate of KNOj-induced germination
was low, but there was appreciable OD loss after

- 2 h, and fotal germination, as determined by
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phase-contrast microscopy, had reached about
20% (including those spores which had germi-
nated in buffer without KNQy). Even at 0°C,
there were some 10% phase-dark spores after 3
h of incubation, suggesting that C. perfringens
spores may germinate in foods even under re-
frigeration.

-Spores, first incubated with KNOs. 4t 0°C for
1 h, had lost virtually none of their ability to
germinate at 30°C; their rate of 0D loss after
the shift to 30°C was only slightly less than that
of spores kept continuously at 30°C (Table 1)
Spores incubated with KNO3 at 45 or 50°C had
almost identical germination rates after shifting
t6 30°C (Table 1); this rate was lower than that
of spores injtially at 0°C or at 60°C for 1 h
{Table 1). Why did spores, incubated in KNG,
for I h at 60°C, germinate at 30°C at a. higher
rate than spores which were in KNO; for 1 h at
50°C before being shifted to 30°C? The following
interpretation seems plausible. In 1 h at 50°C,
29% of the spores had germinated, i.e., became

T T T I
" .
[ _— ]2"‘ 109\ ~4
g = f %
e = ok ! \ §
g 5 o8t ?/ \e i
- O ® \
< — oef Y .
04 e N -
=gou 7 e
w ~og2L 7 e
O / -
Ot
30F E
E O E
AN :
— F A\ E
=z 20+ 05 7
g [ é‘o\ ]
I %

=)

T
o .
N

. ) [a)
So0_o_g —0g

1

ril—r

1 1 1 i {
55 60 65 7.0 75
pH

Fra. 2. E.ffect of, pH on KNOs- inducedgermination
of spores of C. perfringens NCT'C 8238. Germination
rate and lug of spores, incubated at various pH levels
at 30°C in the standard germination mitture, were
caleulated from plots similar to that in Fig. 1.
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TasLe 1. Germination of spores of C. perfringens NCTC 8238 in the standard KNO; germination mixture and

the effect of this primary incubation for 1 h on subsequent secondury germination at 30°C*

Incubation
Primary Secondary
' Temp °C) OD loss (%} 6L GR GR -
1h : 2h
Buﬁ;er_com KNOslm . Buffer con- KNOs-in- i
. trol duced trol duced
0 1.9 04 2.6 24 0.0 0.0 1.13
i5. : 3.4 1.0 4.2 4.8 ° 479 0.04 ND
17.5 41 28 . 5.6 9.6 . 37.6 0.14 ND
20 4.8 . 46 6.5 14.1 324 0.19 . ND
2 45 9.3 - 6.4 22,5 24.8 0.29 0.91
235 4.6 220 6.2 35.6 22.8 2.63 0.91
25 ) ) 52 268 . 6.7 . 37.1 194 0.76 ND
275 . 6.0 34.2 8.0 423 16.4 1.08 ND
30 . 82 . 405 8.4 455 12.8 1.25 —
32.5. o 50 419 6.0 46.6 - 98 141 | ND
35 71 443 8.6 75 83 140 . ND
375 b9 320 7.2 36.0 - 7.4 098 - ND
40 5.5 215 7.5 C260. 0 55 071 . 0.36
42.5 5.4 14.9 6.6 22.3 2.5 . 042 - O ND
45 5.7 7. 8.1 130+ - 18 0 QI8 (.43
47 6.1 4.7 8.5 56 . - 13 .. 008 = i ND
50 4.3 2.4 6.8 3.1 . . ND-. 0.03" - 048
60 4.3 1.9 6.6 31 - NDo - 0030 20 0.67
65 6.2 1.4 ND ND- - - ND- ND: 1.64
70 10.3 0.5 ND ND . . ND-: .. ND.: . 168

® Primary incubation was in standard sodium phosphate-KNQ; germination mixture {legend to Fig. 1). Buffer
control (sodium phosphate buffer, pH 6.1; no KNQj) and KNOs-induced (corrected for controf} OD losses after
1 and 2 h of incubation at the prima.ry incubation temperatures are shown. Incubation at the primary
temperature for 1 h was followed, in some cases, by a secondary incubation at 30°C. Germination lag (GL), in
minutes, caleulated as in Fig. I, was determined durmg primary incubation. Germination rate (GR}, as percent
0D lost per minute, wag determined during both primary and secondary incubation periods. ND, no data

ohtained.

dark under phase optics, However, at this tem-
perature, these germinated spores, being more
heat sensitive than dormant spores, were inac-
tivated or injured before a substantial decrease
in OD had occurred, acquisition of heat sensitiv-
ity preceding loss of OD during germination (12}
Indeed, even at 40°C, the rate of OI) loss had
declined abruptly before the I-h primary incu-
bation had been completed. Further, at 50°C,
the ungerminated spores would not be addition-
ally heat activated for germination during the
. secondary incubation {11). At 60°C, in contrast,
fewer spores (14%) were germinated in buffered
- KNO;, and although these were rapidly inacti-
vated or injured, there was some additional heat
activation of the ungerminated spores, After pri-
maty incubation at 60°C, there were more un-
germinated spores poised to germinate than
after primary incubation at 50°C. Similarly,

after primary incubation for 1 h at 65 or 70°C,
where only 6% germination had occurred, the
germination rate during secondary incubation at
30°C was significantly higher than that of spores
held at 60°C, or even at 0°C, during primary
ineubation (Table 1). Even less germination-in-
activation-injury and even more heat activation
had occurred at 65 or 70°C than at 60°C. We
speculate that spores maintained at 60°C on a
serving table in a medium suitable for germina-
tion {e.g., in foods) can be heat activated (11)
and a certain perceritage of them will germinate,
but these germinaied spores will be rapidly in-
activated. When {ransferred to a lower, more

suitable germination temperaiure, the remain-

ing ungerminated spores will germinate rapidly
and, under favorable conditions, may grow’ and
be a health hazard.

Spore concentration. Gérminationtate was

S




optimal at about the standard spore concentra-
tion of 0.325 mg of spores per ml and decreased
to ca. 70% of the standard rate when the spore
concentrationwas decreased to 20% of the stand-
ard or increased to 5 times the standard. With
increase in spore concentration from 20% to 40%
of the standard, germination lag decreased from
ca. 1.5 times that under standard conditions to
a lag equal to. that obtained under ‘standaid
conditions and remained equal to the standard
lag with further increase in spore concentration
to 5 times the standard. o

KNO; concentration. Germination rate was
maximal (ca. 4 times that with the standard 5
mM KNQ, concentration) at 100 mM KNQ,
(Fig. 3). With yet higher KNO, concentrations,
the rate decreased, declining to approximately
standard germination rate with 500 mM KNO;.
The effect of KNO, concentration on germina-
tion lag was less marked. Increasing the KNO,
concentration from 0.5 mM to 50 mM was ac-
companied by a modest decrease in lag, whereas
at concentrations exceeding 160 to 150 M the
lag increased slightly.

Sodium phosphate concentration. There
was a broad peak of germination rate with buffer
concentrations between 0.5 mM and the stand-
ard 10 mM (Fig. 4). With 100 mM sodium phos-
phate, the rate was only one-tenth of that under
standard conditions. Lags with from 2 to 30 mM
sodium phosphate buffer were approximately
equal. The increased lag with lesser sodium
phosphate concentrations may be attributable
to an inability to control pH at very low buffer
concentration, rather than to sodium phosphate
concentration per se,
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Fie. 3. Effect of ENO, concentration on KNO:
induced germination of spores of C, perfringens
" NCTC 8238 Germination rate and lag, calculated
from plots similar to that in Fig. 1, are shown relative
to these parameters under standard conditions 5
mM KNO,, @)
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- Fre. 4. Effect of concentration of sodium phos-
Pphate buffer on the KNOyinduced germination of
spores of C. perfringens NCTE 8238 Germination
rate and lag, calculated from plots similar to that in
Fig: 1, are shown relative to these parameters under
standard conditions (10 mM sodium phosphate, o),

Spore investigators have frequently used lag
as an index of the capacity of spores to germi-
nate. It is of some interest to note that, in none
of the conditions examined—pH, temperature,
spore coneentration, KNQ, concentration, and
sodium phosphate concentration—were the rate
and lag responses equivalent as indices of ger-
mination. We believe that, if one must select a
single criterion of germinability, germination
rate would be the most useful and valid such
criterion. :

With our system, then, the conditionsfor max-
Imum rate of KNOs-induced germination were
pH 6.1 to 6.3, 32,5 to 35°C, 0.325 mg of spores
per ml, 100 mM KNO;, and 2 to 5 mM sodium
phosphate. We now find that spores of C. per-
fringens NCTC 8238 germinate equally well un-
der air and under N,. The ratio of germination
rate under aerobic conditions to that under an-
aerchic conditions {flushed with N;) was ca. 1.0.
Strifarly, the rate, lag, and extent of germina-
tion of spores of sporogenes (putrefactive
anaerobe PA 3679h) were virtually equal under
anaerobic or aerobic conditions (15). This, we
believe, is analogous to the capability of the
spores of the strict aerobe B. megaterium to
germinate under anaerobic conditions (9}. The
duality of lack of necessity for aercbiosis in B.
megaterium spore germination and lack of a
requirement for anaerobiosis for €, perfringens
spore germination suggests the generality of the
thesis that germination and outgrowth are
processes with separate and definable nutri-
tional requirements and metabalic pathways. In
addition to exploring this thesis, we plan to
investigate more fully the effect of anions, other
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than NO,~, and of cations, other than K'Y onC.
perfringens spore germination.
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